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Neurobiology of Disease
Leukemia Inhibitory Factor Extends the Lifespan of Injured
Photoreceptors In Vivo
Sandrine Joly, Christina Lange, Markus Thiersch, Marijana Samardzija, and Christian Grimm
Laboratory for Retinal Cell Biology, Department of Ophthalmology, Center for Integrative Human Physiology and Neuroscience Center Zurich, University of
Zurich, 8091 Zurich, Switzerland
Survival and death of photoreceptors in degenerative diseases of the retina is controlled by amultitude of genes and endogenous factors.
Some genesmay be involved in the degenerative process itself whereas othersmay be part of an endogenous defense system.We show in
twomodels of retinal degeneration that photoreceptor death strongly induces expression of leukemia inhibitory factor (LIF) in a subset
ofMuller glia cells in the inner nuclear layer of the retina. LIF expression is essential to induce an extensive intraretinal signaling system
which includesMuller cells and photoreceptors and is characterized by an upregulation of Edn2, STAT3, FGF2 and GFAP. In the absence
of LIF, Muller cells remain quiescent, the signaling system is not activated and retinal degeneration is strongly accelerated. Intravitreal
application of recombinant LIF induces the full molecular pathway including the activation of Muller cells in wild-type and Lif–/– mice.
Interruption of the signaling cascade by an Edn2 receptor antagonist increases whereas activation of the receptor decreases photorecep-
tor cell death. Thus, LIF is essential and sufficient to activate an extensive molecular defense response to photoreceptor injury. Our data
establish LIF as a Muller cell derived neuronal survival factor which controls an intrinsic protective mechanism that includes Edn2
signaling to support photoreceptor cell survival and to preserve vision in the injured retina.
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Introduction
Human vision depends on the absorption of photons by rod and
cone photoreceptors which convert the light information into a
signal which is transported by connecting neurons to the brain.
This highly specialized process requires sophisticated molecular
interactions between a variety of intra- and intercellular retinal
components. Thus, the retina has to maintain a high integrity of
its cellular architecture and of the molecular machinery of visual
cells. Mutations and/or exogenous stimuli disturb the retinal in-
tegrity and may lead to photoreceptor apoptosis and retinal de-
generation (Reme´ et al., 1998). Cells of the retina can react to
unfavorable (stress) conditions or to injury with the production
of various cytokines and growth factors in an attempt to protect
neurons and to preserve retinal function. This might best be seen
in experimental paradigms of preconditioning in which a sub-
toxic stimulus induces the differential expression of specific
genes. This increases the resistance of the tissue to a subsequent
stronger stress and thus promotes cell survival (Kamphuis et al.,
2007; Zhu et al., 2007; Thiersch et al., 2008). Ischemic or hypoxic
exposure are classical preconditioning schemes but light expo-
sure below damaging threshold has also been successfully applied
(O’Driscoll et al., 2008) demonstrating the existence of several
activatable survival pathways in the retina.
Exposure to high levels of white light induces photoreceptor
degeneration (Reme´ et al., 1998) and activates a signaling cascade
which includes leukemia inhibitory factor (LIF), Janus kinase 2
(Jak2), signal transducer and activator of transcription 1
(STAT1) and STAT3 (Samardzija et al., 2006a). A similar retinal
response has been observed in models of inherited retinal degen-
eration (Samardzija et al., 2006a). Since recombinant LIF can
protect photoreceptor cells against light-induced degeneration
(Ueki et al., 2008), the increased expression of endogenous LIF in
response to damaging light suggests that LIF might be part of a
retinal defense mechanism to increase survival of visual cells.
Such an endogenous protective response has recently been pos-
tulated by Rattner and Nathans. In their study, they propose that
injured photoreceptors produce endothelin 2 (Edn2) which sig-
nals onto Muller cells. Activated Muller cells and/or other cells
may then produce and release fibroblast growth factor 2 (FGF2)
to support survival of viable photoreceptors (Rattner and
Nathans, 2005).
Here we focused on the role of LIF in the degenerating retina
of the VPP mouse, a model for autosomal dominant retinitis
pigmentosa (Naash et al., 1993; Grimm et al., 2004). We show
that lack of LIF prevents Edn2 expression, STAT3 phosphoryla-
tion, FGF2 production and activation of Muller glia cells and
strongly accelerates retinal degeneration. This suggests that LIF is
the key factor regulating an endogenous defense mechanism to
ensure survival and function of retinal cells. Since LIF expression
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is specifically induced in a subset of Muller glia cells, Muller cells
may coordinate the molecular response to injury and initiate an
elaborate and LIF-dependent crosstalk between various retinal
cells of the INL and ONL.
Materials andMethods
Mice, light exposure, intravitreal injections, and detection of cell death.
Animals were treated in accordance with the regulations of the Veteri-
nary Authority of Zurich and with the statement of “The Association for
Research in Vision and Ophthalmology” for the use of animals in re-
search. VPP mice [generous gift fromMuna Naash (Naash et al., 1993)]
were on amixed SV129BL/6 background. Lif –/–mice (Escary et al., 1993)
were kindly provided by Bettina Holtmann and Michael Sendtner (Uni-
versity ofWuerzburg, Germany).Ccl-2 –/– (Jackson Laboratory), BALB/c
mice (Harlan) and 129S6/SvEvTac (Taconic) were purchased from com-
mercial suppliers. All mice except BALB/c and 129S6/SvEvTac (both
Rpe65450Leu) expressed theRpe65450Met variant (Samardzija et al., 2006b).
Double mutant mice were generated by classical breeding schemes.
Primer pairs for genotyping are listed in Table 1. For rd1 genotyping,
PCR products were digested with DdeI to detect presence or absence of
the mutation as described earlier (Hafezi et al., 1998).
For light exposure, 8-week-old wild-type mice were dark-adapted over-
night and their pupils were dilatedwith 1%Cyclogyl (Alcon) and 5%phen-
ylephrine (Ciba Vision) 45 min before exposure to 5000 lux of white fluo-
rescent light for 2 h.After exposure,micewere returned todarkness for 12h.
Intravitreal injections were performed on anesthetized animals with a
34G needle mounted on a 10l Hamilton syringe. Injection site was just
behind the limbus on the superior part of the eye. Intravitreal placement
of the needle was observed through the pupil. One microliter of rLIF in
PBS (10 ng/l; Millipore), BQ-3020 in H2O (1 g/l; American Pep-
tide), BQ-788 in 10%DMSO in PBS (2 g/l; American Peptide) or of
vehicle alone was injected within 5–10 s and the empty needle was kept in
place for additional 30 s before it was slowly withdrawn. BQ-3020 injec-
tions were done in 129S6/SvEvTacmice (n 21) 24 h before exposure to
2 h of 13,000 lux of white light. Analysis of cell death was 24 h after
exposure. BQ-788 injections were done in VPP mice (n 9) at PND 35
and analysis of cell death was 48 h thereafter. Cell death was analyzed by
measuring free nucleosomes in each (total) retina individually using the
cell death detection kit (Roche) according to the manufacturer’s recom-
mendations. Retinal cell death in compound injected eyes was expressed
as fold-difference to cell death in the sham injected contralateral eyes of
the same animal.
Microscopyand immunofluorescence.For lightmicroscopy, eyeswere fixed
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, at 4°C overnight.
For each eye, the superior and the inferior retina were prepared, washed in
cacodylate buffer, incubated in osmium tetroxide for 1 h, dehydrated, and
embedded in Epon 812. Sections (0.5 m) were prepared from the lower
central retina and counterstained withmethylene blue.
For immunofluorescence, mice were perfused with 4% paraformalde-
hyde in PBS. Eyes were removed and post fixed for 10 min in 4% para-
formaldehyde. Cornea and lens were removed and eyecups were post-
fixed in 4% paraformaldehyde for additional 15 min at room
temperature. The tissue was then incubated in 10% sucrose (in PBS) for
10 min, 20% sucrose for 30 min and 30% sucrose overnight at 4°C.
Eyecups were embedded in Tissue Tec OCT (Mioles), frozen in liquid
nitrogen and stored at70°C until further use. Twelve micrometer sec-
tions were cut, dried and washed in PBST (PBS 1% Triton X-100) for
3 5min at room temperature (RT). After blocking in PBS 10%horse
serum (HS) for 1 h at RT, sections were incubated with the respective
primary antibodies anti-Calbindin (AB1778), anti Brn-3a (MAB1585),
anti-CHX10 (AB9014), anti-glutamine synthetase (MAB302; all Milli-
pore), anti-Iba-1 (#019-19741, Wako), anti-PKC (sc-209, Santa Cruz;
kindly provided by S. Neuhauss, University of Zurich, Zurich, Switzer-
land), anti-Calretinin or anti-Disabled-3 (both kindly provided by E.
Strettoi, Neuroscience Institute, Italian National Research Council, Pisa,
Italy). Sections were washed 3  10 min in PBS and Cy3- or Cy2-
conjugated secondary antibodies (Jackson ImmunoResearch) were ap-
plied in PBS  10% HS (dilution 1:500) for 1–2 h at RT. Sections were
washed 3 10 min in PBS, mounted and analyzed using a Zeiss fluores-
cent microscope.
In situ hybridization. For in situ hybridization, nonfixed tissue was
frozen in Tissue TecOCT (Mioles). Twelvemicrometer sections were cut
and air dried for 20 min at room temperature and 10 min at 50°C.
Sections were post-fixed for 10 min at room temperature in 4% parafor-
maldehyde (in PBS) followed by 3 washing steps with PBS (5 min each).
Samples were acetylated for 20 min at room temperature in 100 mM
triethanolamine, 2.5 l/ml acetic anhydride followed by 3 washing steps
with PBS (5 min each). Prehybridization was done at room temperature
for 2 h in 50% formamide, 5xSSC, 1xDenhardt’s, 1 mg/ml yeast tRNA,
0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA. Hybridization was done for
16 h at 65°C in 15 ml of the same solution including 7–15 g of DIG-
labeled sense or antisense RNA probe. Slides were washed 5 times in SSC
with increasing stringency and blocked in 100 mM Tris, pH 7.5, 150 mM
NaCl and 1% blocking reagent (Roche # 1096176) for 1 h at room tem-
perature. Incubation with anti-DIG antibody (Roche) in blocking buffer
was for 16 h at 4°C. Slides were washed twice in 100 mM Tris, 150 mM
NaCl at room temperature for 20min each, equilibrated for 5min in 100
mM Tris, pH 9.5, 150 mM NaCl, 50 mM MgCl2, 0.25 mg/ml levamisole
(Sigma, L9756) and incubated in the same solution including 1 l/ml
NBT and 3.5l/ml BCIP for up to 16 h at room temperature. After color
had developed, reaction was stopped in 10 mM Tris (pH 8.0)/1 mM
EDTA, slides were mounted and analyzed.
Combined in situ hybridization/immunofluorescence. In situ hybridiza-
tion was performed as described above on perfused (4% PFA) and cryo-
preserved tissue (seeMicroscopy and immunofluorescence) usingRNase
free reagents. After color development slides were washed 2 in PBS for
5 min each. Slides were then postfixed in 4% PFA for 10 min at RT,
washed 2 in PBS (5min each) and the primary antibodies were applied
in 5% HINGS (heat inactivated goat serum) for 3 h at RT. Slides were
Table 1. Primers used for genotyping and real-time PCR
Gene/allele Forward Reverse
Genotyping
VPP AGACTGACATGGGGAGGAATTCCCAGA CAGCTGCTCGAAGTGACTCCGACC
Lif/wt AAATGCCACCTGTGCCATACGC CAACTTGGTCTTCTCTGTCCCG
Lif/KO CTCTAAGCCTGAACTCTCTCATCC GATTCGCAGCGCAGCGCATCGCCTT
Ccl-2/wt GGAGCATCCACGTGTTGGC ACAGCTTCTTTGGGACACC
Ccl-2/KO CTTGGGTGGAGAGGCTATTC AGGTGAGATGACAGGAGATC
Rd1 CATCCCACCTGAGCTCACAGAAAG GCCTACAACAGAGGAGCTTCTAGC
Nrl/wt GTGTTCCTTGGCTGGAAAGA CTGTTCACTGTGGGCTTTCA
Nrl/KO TGAATACAGGGACGACACCA GTTCTAATTCCATCAGAAGCTGAC
Real-time PCR
Edn1 TCCCGTGATCTTCTCTCTGC AGTTCGGCTCCCAAGACAG
Edn2 AGACCTCCTCCGAAAGCTG CTGGCTGTAGCTGGCAAAG
Ednrb ACCTACAAGTTGCTCGCAGAGG AAAACCTATGGCTTCGGGGAC
Smad1 TGGTTCCAAGCAGAAGGAGGTC GCTCATTTTGTCCCAGGTTGC
Gfap CCACCAAACTGGCTGATGTCTAC TTCTCTCCAAATCCACACGAGC
Mcl1 GTGACTCTTATTTCTTTCGGTGCC CATCCCAGCCTCTTTGTTTGAC
Casp-1 GGCAGGAATTCTGGAGCTTCAA GTCAGTCCTGGAAATGTGCC
Fgf2 TGTGTCTATCAAGGGAGTGTGTGC ACCAACTGGAGTATTTCCGTGACCG
Cntf CTCTGTAGCCGCTCTATCTG GGTACACCATCCACTGAGTC
Bdnf CAAAGCCACAATGTTCCACCAG GATGTCGTCGTCAGACCTCTCG
Gdnf AGATGAAGTTATGGGATGTCGTGG GGCATATTGGAGTCACTGGTCAG
Bcl-2 TTGTGGCCTTCTTTGAGTTCG ATTTCTACTGCTTTAGTGAACC
Survivin AACTACCGCATCGCCACCTTCAAG AGCCAGGGGAGTGCTTTCTATG
Jak1 TGAGCTTTGATCGGATCCTT GCAGGGTCCCAGAATAGATATG
Jak2 GAACCTACAGATACGGAGTGTCC CAAAATCATGCCGCCACT
Jak3 CACAGTGCATGGCCTATGAT AGGTGTGGGGTCTGAGAGG
Tyk2 CCTGTGTCACCTTGCTCTCA GGAATGAGGGATGCAGTTCT
Socs3 GGAGACAGATGAGGCTGGTGA GGACCTACTGACCGAGAGAT
Stat3 CAAAACCCTCAAGAGCCAAGG TCACTCACAATGCTTCTCCGC
Lif-R ACTGAAGTGGAACGACAGAGG CTTTACCACTCAGCATTGTGTTG
Gnat1 GAGGATGCTGAGAAGGATGC TGAATGTTGAGCGTGGTCAT
Lif AATGCCACCTGTGCCATACG CAACTTGGTCTTCTCTGTCCCG
Mcp-1 GGCTCAGCCAGATGCAGTTA CTGCTGCTGGTGATCCTCTT
Primers for Gnat1were from Znoiko et al. (2005).
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rinsed 1x in PBS, washed 3x in PBS (5min each)
and blocked in 20% HINGS at RT for 1 h. The
respective secondary antibodies were applied in
5% HINGS at RT for 1 h. Slides were rinsed in
PBS, washed 3  in PBS (5 min each) and
mounted.
Western blotting. Retinas were homogenized
by sonication in 100 mM Tris/HCl, pH 8.0, and
analyzed for protein content using Bradford re-
agent. Standard SDS-PAGE (12%) and West-
ern blotting of 40 g of total retinal extracts
were performed. For immunodetection, the
following antibodies were used: anti-STAT3
(#9132 Cell Signaling Technology), anti-Akt
(#9272, Cell Signaling Technology), anti-gp130
(sc-656, Santa Cruz), anti-GFAP (G-3893,
Sigma), anti-CRALBP (gift from John Saari,
University of Washington, Seattle, WA), anti-
-actin (sc-1616, Santa Cruz Biotechnology),
anti-phospho-STAT3Tyr705 (#9131, Cell Signal-
ing Technology), anti-phospho-AktTyr473
(#9271, Cell Signaling Technology). Blots were
incubated overnight at 4°C with primary anti-
bodies followed by a one hour incubation at RT
with HRP-conjugated secondary antibodies.
Immunoreactivity was visualized using the
Western Lightning Chemiluminescence re-
agent (Perkin-Elmer).
RNA isolation, cDNA synthesis, and real-time
PCR.Retinas were removed through a slit in the
cornea and snap frozen in liquid nitrogen. Total
retinal RNA was prepared using the RNeasy
RNA isolation kit (Qiagen) including a DNase
treatment to digest residual genomicDNA.One
microgram of total RNA were used for reverse
transcription using oligo(dT) and M-MLV re-
verse transcriptase (Promega). cDNAs from in-
dividual animals were amplified in duplicates
with respective primer pairs (Table 1) in a
Light-Cycler instrument 480 (Roche Diagnos-
tics AG) using SYBR Green I Master Mix
(Roche Diagnostics AG). mRNA levels were
normalized to -actin and relative gene expres-
sion was calculated using the value of one (out
of three) wild-type probe as calibrator. For sta-
tistical analysis we used ANOVA with Tukey’s
multiple comparison test (wheremore than two
conditions were compared), ANOVA with
Dunnett’smultiple comparison test (where sev-
eral conditions were compared with a control)
or a one-tailed t test for the comparison of the
treatment in Lif –/– animals, respectively. p val-
ues of 0.05 were considered statistically
significant.
Results
Lack of LIF accelerates photoreceptor
degeneration in a model of
retinitis pigmentosa
The degenerating retina of VPP mice in-
duces the expression of several factors con-
nected to an inflammatory or immune re-
sponse like LIF (Fig. 1A) (Samardzija et al.,
2006a), monocyte chemoattractant
protein-1 (MCP-1) (Fig. 1B), Casp-1,
interleukin-1 (IL-1) (Samardzija et al.,
2006c), complement component 1q
(C1q) (Rohrer et al., 2007) and comple-
Figure 1. Lack of LIF accelerates photoreceptor degeneration in the VPP retina. A, B, Retinas from wt (squares) or VPP
(triangles)micewere isolated at different postnatal days (PND) as indicated. Gene expression of LIF (A) andMCP-1 (Ccl-2) (B) was
analyzed by real-time PCR and normalized to -actin expression. Expression of both factors was strongly induced in VPP mice
starting around PND 15, concomitantly with the onset of photoreceptor degeneration. Shown are the meanmRNA levels (SD)
of three independent retinas per time point and strain (n 3) relative to the levels of wild-type (wt) at PND 10which was set to
1. C, Retinalmorphology of VPP (left) and VPP;Ccl-2 –/–mice (right) at PND 42. Lack of Ccl-2 did not influence the degeneration as
reflected by the indistinguishable retinal morphologies. Both genotypes retained 5–6 rows of photoreceptor nuclei in the ONL
comparedwith the10–12 rows inwild-type retinas (D).D, Retinalmorphologyofwild-type (wt), Lif –/–, VPPandVPP;Lif –/–mice
was analyzed at PND 15, PND 28 and PND 42 as indicated. Retinal morphology was similar in wt and Lif –/– at all ages tested.
Retinas of VPP mice developed normally until the age of 15 d. As expected (Samardzija et al., 2006b), many VPP photoreceptors
degenerated until PND 28 before the degeneration slowed down. Photoreceptors of VPP;Lif –/– mice displayed a similar degen-
eration until PND 28 but had amuchmore severe progression thereafter as seen by the single row of photoreceptors remaining at
PND 42. Shown are representative panels of at least three independent retinas. RPE, Retinal pigment epithelium; ROS, rod outer
segments; RIS, rod inner segments; ONL, outer nuclear layer; INL, inner nuclear layer. Scale bars, 25m.
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ment factor H (CFH, data not shown). To analyze their potential
role in the physiology or pathophysiology of the retina, we genet-
ically inhibited MCP-1 and LIF signaling. For this purpose, we
generated doublemutantmice expressing theVPP transgene on a
null background for either the MCP-1 chemokine (Ccl-2–/–) or
the LIF cytokine (Lif–/–), respectively. Even though MCP-1 was
upregulated 100-fold in the VPP retina, lack of functional
MCP-1 did not noticeably influence the course of the disease
process (Fig. 1C). In contrast, genetic ablation of LIF strongly
accelerated retinal degeneration and the death of photoreceptors
in VPP mice (Fig. 1D). Whereas retinas of VPP mice showed the
expected slow degeneration with6 rows of photoreceptor cells
left at PND 42, retinas of VPP mice lacking LIF showed a severely
accelerated degenerationwith only one rowof visual cells remaining
42 d after birth (Fig. 1D). Onset and first phase of the degeneration
was similar to VPPmice as suggested by the normal retinal appear-
ance at PND 15 and by the only slightly reduced number of photo-
receptor nuclei at PND 28.
Although LIF has been implicated in retinal development (El-
liott et al., 2006) and lack of LIF was recently reported to increase
microvessel density in the retina (Kubota et al., 2008), retinal
morphology of Lif–/– mice was similar to wild-type mice at all
ages tested. Retinal cell layers were well established and distribu-
tion of rods and cones was inconspicuous (Fig. 1D). In addition,
immunofluorescence stainings with antibodies specific for hori-
zontal cells (anti-calbindin), bipolar cells (anti-CHX10), Muller
cells (anti-glutamine synthetase) and ganglion cells (anti-Brn3a)
resulted in similar staining patterns in wild-type and knock-out
mice (Fig. 2). Normal retinal architecture of Lif–/– mice is further
supported by the equal numbers of retinal ganglion cells in wt
and LIF knock-out animals (additional file 1). In addition, retinal
function of Lif–/– mice was comparable to wild-type animals
(data not shown).
Photoreceptor injury induces LIF expression in a subset of
Muller glia cells
We used in situ hybridization to localize the cells expressing LIF
cytokine in response to photoreceptor injury.Whereasmost cells
did not show enhanced signal intensity compared with controls,
few scattered cells were strongly positive for LIF expression in the
INL of VPP mice at PND 28 (Fig. 3A–C). A very similar expres-
sion pattern was also found in retinas of wild-type mice at 12 h
after exposure to damaging light (Fig. 3D–F,G,J). This suggests
that the same subset of cells might be responsible for LIF upregu-
lation in both models of retinal degeneration. Hybridization of
wild-type control retinas with antisense probe did not result in
such a staining pattern (Fig. 3F) demonstrating that the signal
was specific for degenerating retinas. To identify the retinal cell
type expressing LIF, we combined in situ hybridization with im-
munofluorescence using antibodies specific for individual retinal
cell types. Whereas the in situ LIF signal did not colocalize with
calbindin (horizontal cells), calretinin (amacrine cells),
disabled-3 (type 2 amacrine cells), PKC- (cone bipolar cells) or
Iba-1 (microglia cells) (additional file 2), it labeled a subset of
Figure 2. A–D, Lif –/– retinas are similar to wild-type. Retinas of 28-day-oldwild-type (wt) and Lif –/–mice, respectively, were stainedwith antibodies specific for horizontal cells (calbindin,A),
bipolar cells (CHX10,B),Muller glia cells (glutamine synthetase,C) andganglion cells (Brn3a,D). Stainingpatternsdidnotdiffer betweenwild-typeandmutant retinas.GCL,Ganglion cell layer.Other
abbreviations as in Figure 1. Scale bar, 50m.
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cells which stained positive for glutamine synthetase (GS) (Fig.
3G–L). This clearly demonstrates that a subset ofMuller glia cells
upregulated LIF in response to retinal stress. It is interesting to
note that the intensity of the GS staining correlated inversely with
the intensity of the LIF signal (Fig. 3 J,K).
Lack of LIF prevents activation of Muller glia cells and blocks
phosphorylation of STAT3
Muller cell activation is one of the most common hallmarks in a
degenerating retina. In virtually all cases studied, retinal Muller
cells increase expression of glial fibrillary acid protein (GFAP) in
response to a degenerative process (Lewis and Fisher, 2003;
Bringmann et al., 2006). This has also been observed in the VPP
mouse retina (Fig. 4) (Samardzija et al., 2006a). In contrast to
VPP mice on a LIF wild-type background, increased expression
of GFAP was completely abolished in retinas of VPP;Lif–/– (Fig.
4). The similar expression levels of cellular retinaldehyde-binding
protein (CRALBP) (Fig. 4) and the immunofluorescence staining
for glutamine synthetase (GS) (Fig. 2), both Muller cell markers,
show that the missing glial response was not due to a generally
reduced presence of Muller cells in LIF knock-out animals.
Similarly toGFAP inMuller cells, phosphorylation of the anti-
apoptotic STAT3 protein has been commonly observed during
degenerative processes in the retina (Mechoulam and Pierce,
2005; Samardzija et al., 2006a; Yang et al., 2007; Ueki et al., 2008).
As for the increased GFAP expression, phosphorylation of
STAT3was completely blocked in retinas ofVPP;Lif–/–mice (Fig.
4). Since STAT3 protein was expressed at normal levels (Fig. 4)
and the enzymaticmachinery to phosphorylate STAT3was intact
in the Lif–/– retina (see below), a block of upstream signaling
events in the absence of LIF cytokinemust account for the lack of
STAT3 phosphorylation and themissingMuller cell activation in
the double transgenic animals.
Akt, another kinase implicated in retinal degeneration and cell
survival (Johnson et al., 2005; Jomary et al., 2006) was slightly acti-
vated in degeneratingVPP retinas as evidenced by the small increase
in phosphorylation observed byWestern blotting (Fig. 4). Similar to
STAT3, the absence of LIF prevented increased phosphorylation of
Akt in response to the degeneration in theVPP;Lif–/– retina.
LIF is required for proper signaling in the stressed retina
Recently, Rattner and Nathans (2005) identified photoreceptor-
derived Edn2 as a potential signaling molecule regulating a Mul-
ler glia cell response to light-mediated injury. Similar to the light-
Figure 3. The degenerating retina induces LIF expression in a subset ofMuller glia cells.A–F, In situ hybridization localizes LIF-expressing cells in the INL. Retinal sections of 28-day-old VPPmice
(A–C), of wild-type BALB/c mice 12 h after light exposure (D, E), or of untreated wild-type mice (F ) were hybridized with LIF sense (A, D) or LIF antisense (B, C, E, F ) riboprobes. C, Higher
magnification of boxed area in B. LIF antisense probes specifically stained scattered cells in the INL in retinas undergoing photoreceptor degeneration (B, E) but not in a healthy retina (F ). G–L,
Combined in situ and immunofluorescence stainings identified LIF-expressing cells as a subset of Muller glias. Retinal sections of wild-type 129S6/SvEvTac mice 12 h after light exposure were
hybridizedwith LIF antisense riboprobes (G, J) and anti-glutamine synthetase antibodies (H, K). Themerged pictures (I, L) identified LIF-expressing cells as a subset of Muller glia cells. J–L, Higher
magnifications of boxed area in G. Arrows, cells positive for LIF and GS. Abbreviations as in Figure 1. Scale bars, 50m.
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damaged retina (data not shown), the VPP retina strongly
upregulated expression of Edn2 (Fig. 5A). Basal expression of
Edn2 seemed to depend largely on LIF since Edn2 expression was
reduced to 2% of wild-type levels in Lif–/– mouse retinas. In VPP
mice lacking LIF (VPP;Lif–/– double mutants), Edn2 expression
was not upregulated and remained at the low basal levels ob-
served in the Lif–/– retina, despite the accelerated retinal degen-
eration in the double mutant mice. Edn1 and Ednrb were ex-
pressed at similar levels in all mouse strains tested.
In the injured retina of the VPPmouse, GFAPwas induced on
the mRNA (Fig. 5B) and protein (Fig. 4) levels. Similar to Edn2,
however, GFAP expression was strongly reduced in retinas of
mice lacking LIF (11% of wt) (Fig. 5B) and in contrast to VPP
mice (2.7-fold elevated mRNA levels) no increased expression of
GFAPwas detectable in retinas of doublemutantmice which is in
line with our protein expression data (Fig. 4). LIF influenced also
expression of Casp-1 since basal mRNA levels of this protease
were reduced by a factor of 2 in retinas of Lif–/– mice (Fig. 5B).
Similar to Edn2 and GFAP, Casp-1 expression was activated in
VPP retinas but not in VPP;Lif–/– double mutant mice. Expres-
sion of other stress related genes like Smad1 (data not shown) and
Mcl1 (Fig. 5B) were not affected by the lack of LIF and/or the
presence of the VPP transgene (Fig. 5B).
FGF2 is often implicated in a paracrine pathway of photore-
ceptor neuroprotection in various models of degeneration (Wen
et al., 1995; Gao and Hollyfield, 1996; Joly
et al., 2007) and is thought to be produced
in an attempt to protect cells in unfavor-
able conditions. As such, FGF2, was also
strongly upregulated in the VPP retina
(10.2-fold, Fig. 5C). Strikingly, however,
VPP retinas lacking LIF completely failed
to induce FGF2 expression which re-
mained at the same low basal level (38% of
wt) as observed in Lif–/– single mutant
mice (43% of wt). Expression of other
neurotrophic factors like BDNF, GDNF
and CNTF remained at basal levels in the
different strainswith a slight upregulation of
CNTF in the double transgenic retina (1.7-
fold induction, Fig. 5C). Similarly, expres-
sion of the anti-apoptotic genes survivin and
Bcl-2, bothmay be regulated in a STAT3 de-
pendent manner (Kim et al., 2006; Weeras-
inghe et al., 2007) remained at basal levels in
the retinas of all strains tested. Thus, the lack
ofFGF2 inductionmighthavebeen themain
reason for the accelerated photoreceptor de-
generation in the VPPmouse lacking LIF.
Retinal degeneration in the VPPmouse
not only induced phosphorylation of
STAT3 (Fig. 4) but also STAT3 gene ex-
pression (1.9-fold) and the expression of at
least two additional members of the Jak/
STAT signaling pathway (Jak3, 2.6-fold
and SOCS3, 3.4-fold). Again, lack of LIF in
VPP;Lif–/– mice completely blocked acti-
vation of this signaling cascade (Fig. 5D).
In summary, all genes (Edn2,GFAP,Casp-1, FGF2, STAT3, Jak3,
SOCS3) or proteins (pSTAT3, p-Akt, GFAP), which were activated
in response to VPP-mediated retinal degeneration showed basal ex-
pression in the absenceofLIF.This strongly suggests anessential and
early role of LIF in the retinal response to photoreceptor injury.
Signaling can be restored by the application of rLIF
Themissing activation of gene expression and protein phosphor-
ylation in Lif–/– mice could be specifically caused by the absence
of LIF cytokine or by a general defect in the knock-out animals.
To discriminate between these possibilities, we analyzed gene
Figure 4. Lack of LIF prevents activation of STAT3, Akt and GFAP. Total retinal extracts ofwt,
VPP, Lif –/– and VPP;Lif –/– retinas of 28-day-old mice were tested by Western blotting using
specific antibodies as indicated. TheVPP transgeneonaLIFwild-typebackground (left) induced
a strong phosphorylation of STAT3, aweak activation of Akt and a robust upregulation of GFAP.
Retinas of VPP mice on a LIF knock-out background (right) did not show any signs of STAT3
phosphorylation and did not increase expression of phospho-Akt and GFP. *Nonspecific signal.
Figure 5. Lack of LIF prevents induction of a genomic response to retinal injury. Total retinal RNA was prepared from 28-day-
old wt, VPP, Lif –/– and VPP;Lif –/–mice. cDNA from 3 independent retinas per genotypewas amplified in duplicates by real-time
PCR. Onewild-type sample served as calibrator and themeanof allwild-type sampleswas set to 1 for each gene amplified. Shown
aremeans SD of endothelin-related genes (A), stress-related genes (B), growth and survival factors (C), and of genes relevant
for the Jak/STAT signaling pathway (D) relative to wild-type levels. Lack of LIF caused very low basal expression levels of Edn2,
GFAP and FGF2. In the presence of LIF, VPP-mediated retinal degeneration induced expression of Edn2, GFAP, Casp-1, FGF2, Jak3,
SOCS3 and STAT3. The absence of LIF prevented induction of all of these genes in the VPP retina and expression levels remained at
similar low levels as in Lif –/– single mutant mice.
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expression after intravitreal injection of rLIF into wild-type and
Lif–/– mice. rLIF induced phosphorylation of STAT3 similarly in
all mice tested (Fig. 6A) and strongly activated gene expression of
Edn2, GFAP and FGF2 in both wild-type and Lif–/– retinas (Fig.
6B). Although FGF2 mRNA levels in Lif–/– retinas treated with
rLIF injections did not reach levels of treated wild-type retinas,
induction over nontreated retinas was nevertheless similar (5-
fold in wild-type and threefold in Lif–/– retinas) in the twomouse
strains. It is interesting to note that rLIF induced expression of
Edn2 14-fold in wild-type retinas and 3200-fold in Lif–/– ani-
mals resulting in similar expression levels in the two animals after
rLIF application. Control injections of carrier (PBS) resulted only
in a subtle response with low levels of STAT3 phosphorylation
(Fig. 6A) but not in a significant alteration of gene expression
(Fig. 6B). These data show that the molecular equipment re-
quired to transduce LIF-mediated signaling was present and
functional in Lif–/– retinas. This suggests that lack of gene activa-
tion was a specific consequence of the absence of LIF.
Activation of Ednrb induces the molecular response and
protects photoreceptors
The receptor for Edn2 has been found to be expressed on Muller
cells and potentially astrocytes in the mouse retina (Rattner and
Nathans, 2005). To test whether direct stimulation of Ednrb
might be able to activate the molecular response to injury we
injected the Ednrb agonist BQ-3020 into the vitreous ofwild-type
and Lif–/– mice (Fig. 7). BQ-3020 efficiently induced expression
of FGF2, Edn2 and LIF in wild-type retinas. In contrast, the
Ednrb agonist failed to significantly induce FGF2 in Lif–/– mice
and caused only a 70-fold increase of Edn2 expression in the
knock-outs compared with the 3200-fold increase after rLIF ap-
plication (Fig. 6B). This supports our con-
clusion that the signaling system can effi-
ciently be activated only in the presence of
LIF. Note that the strong upregulation of
LIF inwtmicemay have further supported
the production of Edn2 by a positive feed
forward loop resulting in a signal amplifi-
cation which was only possible in wild-
type but not Lif–/– animals.
Modulation of Ednrb activationwas di-
rectly relevant for photoreceptor survival.
Application of the Ednrb agonist resulted
in a strong tendency toward protection of
photoreceptors against light damage (Fig.
7D), whereas injection of an Ednrb antag-
onist (BQ-788) into eyes of VPP mice sig-
nificantly increased retinal cell death (Fig.
7E).
LIF-induced signaling andMuller cell
activationmay act through rod
photoreceptor cells
To investigate a potential role of photore-
ceptors for the signaling mechanisms in-
duced by LIF expression, we injected rLIF
into the vitreous of mice which are almost
devoid of photoreceptors [3-month-old
rd1 (Bowes et al., 1990)] or which have a
cone-only retina [Nrl–/– (Mears et al.,
2001)]. Most importantly, although ex-
pression of genes was induced upon injec-
tions, the response did not differ between
rLIF and PBS-injected retinas in these two mouse strains which
both lack rod photoreceptors (Fig. 8A–F), in contrast to injec-
tions into wild-type mice (Fig. 6B). This strongly suggests that a
specific LIF-mediated retinal response requires rod
photoreceptors.
However, it is interesting to note that basal gene expression
and the response to injections differed between rd1 and Nrl–/–
retinas in several points. (1) Basal expression of Edn2 in the aged
rd1mouse was1300-fold reduced (7 104 relative to wt, Fig.
8A) which is comparable to the low levels of rod specific Gnat1
(rod transducin) mRNA (1 104 relative to wt) (Fig. 8F). This
suggests that Edn2 is mainly expressed in photoreceptor cells.
Since these cells are no longer present in rd1 mice, Edn2 expres-
sion levels are strongly reduced. Since the cone retinas of Nrl–/–
mice showed only fivefold reduced levels of Edn2 mRNA (Fig.
8A) Edn2may be expressed by both rods and cones in awild-type
retina. (2) Injections (rLIF and PBS) induced expression ofGFAP
much stronger in the rd1 mouse retina than in the Nrl–/– retina
(Fig. 8B). (3) Basal levels of FGF2 mRNA were higher in the
Nrl–/– retina (Fig. 8C). (4) ThemRNA for Ednrb was increased in
rd1 (andNrl–/–) retinas (Fig. 8D) compared with wild-type. This
suggests that the receptor for Edn2 is expressed mainly in cells
different from photoreceptors which is in line with the findings
from Rattner and Nathans (2005). (5) LIF-RmRNAwas reduced
only sixfold in the rd1 mouse and 2.5-fold in the Nrl–/– mouse
(Fig. 8E) suggesting that also cells apart from photoreceptors
may express the receptor for LIF.
Discussion
Cells and tissues are equipped with endogenous protective mecha-
nisms to copewith photoreceptor injury. Knowledge of thesemech-
Figure 6. A,B, Injection of rLIF restores signaling in Lif –/–mice. A total of 1l (10 ng) of rLIF (l) or of vehicle control (PBS) (c)
was injected intravitreally and levels of proteins or mRNAs were analyzed after 24 h by Western blotting (A) or by real-time PCR
(B).A, Injectionof rLIF inducedphosphorylationof STAT3 inwild-type, Lif/– andLif –/–mice. Control PBS injections showedonly
a minor response. B, Gene expression of noninjected mice (n) or of mice at 24 h after injection of rLIF (l) or vehicle (PBS) (c) in
wild-type (black bars) or Lif –/– mice (gray bars). Shown are means SD of n 3–4 per genotype and treatment. Levels in
noninjected wild-type animals were set to 1. *p 0.05; Ap 0.05. n, Noninjected; l, rLIF-injected; c, vehicle-injected.
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anisms may allow a targeted and sustained
activation of intrinsic molecular pathways
which could protect cells against death in a
variety of degenerative diseases. Protection
against cell death may ensure functionality
of the tissue which is especially important in
tissues depending on quiescent post-mitotic
cells like brain and retina.Herewe show that
the retina contains a LIF-controlled signal-
ing system which apparently aims at the
maintenance of the viability of injured pho-
toreceptors. Activation of the system in-
volves at least photoreceptors and Muller
glia cells. The absence of LIF completely
blocks this endogenous defense pathway,
prevents activation of Muller glia cells in re-
sponse to a stress situation and keeps several
signaling and survival factors at basal expres-
sion levels. This results in a drastically accel-
erated degeneration of visual cells.
Retinal response to injury
Rattner and Nathans (2005) recently pro-
posed a specific retinal response to injury
which involves the production and secre-
tion of Edn2 by injured photoreceptors
leading to the activation ofMuller glia cells
via Ednrb and to an increased expression
of FGF2. FGF2 is a potent neurotrophic
factor that is upregulated in various situa-
tions of retinal stress (Gao and Hollyfield,
1996; Hackett et al., 1997; Grimm et al.,
2002) and that can protect retinal cells
against various insults (Unoki and LaVail,
1994; Liu et al., 1998; Yamada et al., 2001;
Schuettauf et al., 2004; O’Driscoll et al.,
2007, 2008).
Intriguingly, this response seems not to be initiated by the
damaged photoreceptors themselves but rather by a specific sub-
set of Muller glia cells which react with the expression of LIF to
photoreceptor injury (Fig. 3). What sets the LIF-expressingMul-
ler cells apart from other Muller cells needs to be investigated.
Our combined in situ and immunofluorescence stainings suggest
that cells expressing high levels of LIF have reduced GS levels.
Whether this is an artificial observation due to the staining pro-
cedure needs to be analyzed but it is interesting that GS might be
down regulated in pathological situations possibly through the
action of FGF2 (Kruchkova et al., 2001).
The presence of LIF is required to express Edn2 to normal
levels and to induce it in the stressed retina. Since Ednrb is ex-
pressed by Muller cells (which also express LIF), Edn2 signaling
may induce a positive feed forward loop resulting in an increased
stimulation LIF production. This is supported by the strong stimu-
lationofLIFexpressionafter injectionof theEdnrbagonistBQ-3020
inwild-type retinas (Fig. 7). In addition toLIF, BQ-3020 application
also induced Edn2 and FGF2 expression suggesting that the full re-
sponse is inducible through activation of Ednrb. Indeed, activation
of Ednrb protected cells against light damage and antagonizing the
receptor increased cell death in the VPP mouse (Fig. 7). This dem-
onstrates a direct relevance of the LIF-dependent Edn2 signaling for
photoreceptor survival and tissue integrity. The existence of a LIF-
dependent positive feed forward loop is further supported by the
reduced molecular response in retinas of Lif–/– mice after BQ-3020
application (Fig. 7).
Since LIF-R and gp130, the two receptor subunits required for
LIF binding are ubiquitously expressed in the retina including
photoreceptors (Ueki et al., 2008) LIF may directly target visual
cells to increase Edn2 production. This notion is supported by
our observation that injection of rLIF into eyes of mice without
photoreceptors (aged rd1 mice) did not provoke a similar strong
response (Fig. 8).
In the presence of increased LIF, the transcription factor
STAT3 is strongly phosphorylated and expression of the receptor
kinase Jak3 is induced. STAT3 is a downstream mediator of
gp130 signaling (Ernst and Jenkins, 2004) and is able to upregu-
late Jak3 expression (Mangan et al., 2004). In the absence of LIF,
STAT3 protein is not activated and expression of Jak3 is not
elevated suggesting that LIF may indeed signal through STAT3/
Jak3. Since lack of LIF also prevents upregulation of Edn2 expres-
sion, the regulation of these molecules may be correlated and
directly or indirectly be coordinated by LIF-mediated stimula-
tion of LIF-R.
Similarly to Edn2, STAT3, Jak3 and GFAP, induction of the
survival factor FGF2 depends on LIF. It has been shown that
injection of rLIF protects the retina against a toxic insult (Ueki et
al., 2008), that injection of rLIF upregulates endogenous FGF2 in
the retina (Fig. 6), that increased expression of endogenous FGF2
protects against retinal degeneration (O’Driscoll et al., 2008) and
that lack of FGF2 activation correlates with accelerated photore-
Figure 7. Modulation of Ednrb signaling influences cell survival. A–C, A total of 1l (1g/l) of BQ-3020 (BQ) or of vehicle
control (H2O) (c)was injected intravitreally intowild-type (wt) or Lif
–/–mice as indicated.Noninjectedmice (n) servedas controls.
Gene expressionwas analyzed 24 h after injection by real-time PCR on cDNA derived from total retinal RNA. n 3 per treatment.
D, Cell death after light exposure in retinas pretreated with BQ-3020. The left eye of each wild-type mouse was injected with
BQ-3020 and the right eyewith vehicle (sham). Each bar represents the fold difference in cell death between compound and sham
treated eyes of a single mouse. The last bar shows the result in a wild-type mouse not exposed to light. Of the 21 mice analyzed,
BQ-3020 treated retinas of 15 animals were less severely affected by the light exposure than the contralateral sham treated
retinas. This resulted in a strong tendency toward protection by the activation of Ednrb ( p 0.0536; paired Student’s t test). E,
Cell death in retinas of VPPmice treated with BQ-788, an Ednrb antagonist. The left eye of eachmouse was injected with BQ-788
and the right eyes with vehicle (sham). Analysis was 2 d after injection. Each bar represents the fold difference in cell death
between compound and sham treated eyes of individual VPP mice. The last bar shows the result in a wild-type mouse to test
potential toxicity of the compound.Of the9mice analyzed, BQ-788 treated retinas of 8 animalsweremore severely affectedby the
VPP mediated degeneration than the contralateral sham treated retinas. This resulted in a significantly lower survival of photo-
receptors after the inhibition of Ednrb signaling ( p0.0351; paired Student’s t test). *p0.05; Ap0.05. n, Noninjected; BQ,
BQ-3020-injected; c, vehicle-injected.
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ceptor death (Figs. 1, 5). Thus, is seems highly likely that FGF2 is
amajor factor in the LIF-controlled protectivemechanism. Since
independent studies have reported expression of FGF2 byMuller
cells (Walsh et al., 2001) and by photoreceptors (Rattner and
Nathans, 2005), respectively, regulation of FGF2 expression by
LIF needs further detailed investigation.
Together, our results show that LIF is not only essential but
also sufficient to serve as the molecular switch to activate an
endogenous protective response which may depend on the pro-
duction of the survival factor FGF2.
Rod photoreceptors are required for a specific
LIF-mediated response
Injection of rLIF specifically induced expression of Edn2,GFAP and
FGF2 (Fig. 6). Since similar injections in the absence of rod photo-
receptors did not cause a significantly different response from con-
trol injections (Fig. 8), our results suggest that rod photoreceptors
play an essential and specific role in the LIF response pathway. The
strongbutnotexclusiveproductionofEdn2 inrodphotoreceptors is
demonstrated by the 1300-fold reduced basal Edn2 levels in rd1
comparedwithwild-typemice. Since rd1miceat this age (3months)
retain some photoreceptors, mostly cones, in the far peripheral ret-
ina (data not shown) and since the all-cone retinas of Nrl–/– mice
show only fivefold reduced levels of Edn2 mRNA (Fig. 8), cones
might also express Edn2 which can be stimulated by retinal injury,
although not in a LIF specific way. This conclusion is supported by
the lackof significantEdn2 induction in the661Wconecell line after
rLIF application in vitro (data not shown).
One of the most common response to retinal injury is the up-
regulation of the intermediate filament protein GFAP inMuller glia
cells (Sarthy and Fu, 1989; Lewis and Fisher,
2003; Nakazawa et al., 2007). This is also ev-
ident during the degenerative process in the
retinaof theVPPmouse (Fig. 4).As forEdn2
and FGF2, expression and upregulation of
GFAP depends on the presence of LIF (Figs.
4, 5). The missing induction of GFAP ex-
pression in VPP;Lif–/– mice suggests that
photoreceptor degeneration cannot activate
Muller cells and/or astrocytes in the absence
of LIF. Injection of rLIF was sufficient to in-
crease expression of GFAP (Fig. 6) but the
upregulation was only specific in the pres-
ence of rod photoreceptors (Fig. 8). Thus,
LIFmaynot directly target glial cells butmay
stimulateMuller cells throughproductionof
Edn2 in rod photoreceptors.
An endogenous, LIF-mediated
neuroprotective response in the retina
Based on our data and on published results
(Rattner and Nathans, 2005), we suggest a
model pathway which may be used by ret-
inal cells to protect tissue integrity and to
preserve photoreceptor function in the
presence of damaging stress like excessive
light exposure or genemutations.We pro-
pose that a subset ofMuller glia cells senses
photoreceptor damage and reacts with the
upregulation of LIF. Only in the presence
of increased LIF, photoreceptors induce
expression of Edn2 which may then signal
back to Muller glia cells. This may cause a
gliosis-like reaction and the stimulation of GFAP expression.
Concomitantly, the survival factor FGF2 is produced in Muller
cells and/or photoreceptors aiming at the protection of visual
cells from further damage (additional file 3). Whether Edn2 ex-
pression occurs in healthy or already damaged photoreceptors is
currently unknown. Although it was shown that Edn2 is mainly
produced in the region affected by a toxic insult (Rattner and
Nathans, 2005), the specific response observed after intravitreal
injection of rLIF in wild-type animals suggests that also healthy
photoreceptors can activate this response pathway. It is thus
probable that Edn2 production is a general response of photore-
ceptors to increased local concentrations of LIF.
Our work establishes LIF as the key molecule in the induction
of an endogenous molecular pathway aiming at the protection of
photoreceptor cells in vivo. This pathway may be part of a tissue
defense system which increases the survival of visual cells in sit-
uations of environmental or mutational stress. Even though the
endogenous potency of the systemmay not be sufficient to secure
the viability of the cells over an extended period of time (photo-
receptors in the VPP mouse die eventually), an artificial increase
of its efficacy may nevertheless offer the opportunity to signifi-
cantly prolong the lifespan of visual cells in human patients.
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